The evolution of proteins for novel functions involves point mutations and recombinations of domains or structural segments. Mimicking this process by rational design in vitro is still a major challenge. The present report demonstrates that the active site of the enzyme glutathione transferase (GST) A1-1 can be tailored for high catalytic efficiency with alkenals. The result is a >3,000-fold change in substrate selectivity involving a noteworthy change in preferred catalyzed reaction from aromatic nucleophilic substitution to Michael addition. The hydrophobic substrate binding pocket of GST A1-1 is formed by three structural modules, which were redesigned sequentially with four point mutations and the exchange of a helical segment. The substitutions were made to mimic first-sphere interactions with a substrate in GST A4 -4, which naturally has high activity with alkenals. These substrates are toxic lipid peroxidation products of pathophysiological significance, and glutathione conjugation is a route of their inactivation. The final product of the sequential redesign of GST A1-1, mutant GIMFhelix, had a 300-fold increase in catalytic efficiency with nonenal and a >10 times decreased activity with 1-chloro-2,4-dinitrobenzene. In absolute values, GIMFhelix is more efficient than wild-type GST A4 -4 with some alkenal substrates, with a k cat͞Km value of 1.5 ؎ 0.1 10 6 M -1 ⅐s ؊1 for nonenal. The pKa value of the active-site Tyr-9 of GIMFhelix is 7.3 ؎ 0.1, approaching the unusually low value of GST A4 -4. Thus, rational redesign of the active-site region of an enzyme may be sufficient for the generation of efficient catalysts with altered chemical mechanism and novel selectivity.
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hydroxyalkenal ͉ protein redesign ͉ sequential design I n nature, evolution operates by selection for fitness among biological or chemical species. In vitro, similar evolution can be afforded by combinatorial protein chemistry in conjunction with proper tests for fitness (1) . The family of glutathione transferases (GSTs) is an example of proteins where currently existing isoenzymes bear evidence of natural combinatorics at all structural levels: primary, secondary, tertiary, and quaternary. Variations in primary structures are obvious among isoenzymes, and acquisition or loss of a secondary structure element such as a helix is noted when GSTs of different classes are compared (2). At the tertiary structural level, the glutathione-binding domain has the same fold as thioredoxin and a domain of glutathione peroxidase, suggesting that this supersecondary structure is a building block recruited for different purposes in molecular evolution (2, 3) . Finally, GST subunits form binary combinations at the level of quaternary structure such that homodimers and heterodimers naturally occur (4) . However, it is not obvious how this understanding of protein structure can be exploited for the engineering of enzymes with novel functions.
Glutathione-linked reactions, catalyzed by GSTs, play a central role in cellular detoxication of electrophilic toxic and carcinogenic molecules, in particular the primary and secondary products of oxidative stress (5-7). Available evidence strongly indicates that GSTs provide protection against development of cancer (8) and other degenerative diseases, e.g., atherosclerosis (9), cataract (10) , and Parkinson's disease (11) . GST A4-4 appears to play a particularly prominent role in the protection against degenerative processes, because of its high catalytic activity with alkenals (12, 13) that are formed by radical reactions and oxidative damage to lipids and other biomolecules (14) .
As a superfamily of enzymes GSTs have evolved the ability to interact with literally thousands of chemical structures of endogenous and xenobiotic origins (6, 15) . Even if the catalytic efficiency is low with the majority of the ligands that can be bound to a particular GST, high activity with a given substrate can be acquired by proper interplay of structural redesign and selection methods.
With biologically relevant substrates, such as alkenals (12, 14) , the catalytic efficiencies of some GSTs (e.g., GST A4-4) are highly evolved and differ from those of other isoenzymes by several orders of magnitude. GSTs thus may be regarded as separate enzymes that are using the same cofactor (glutathione) in analogy to, e.g., the multiple pyridine-nucleotide-linked dehydrogenases. The soluble GSTs have the same fold of the polypeptide chain and the same overall structure with an essentially conserved glutathione binding site (2, 16) , suggesting that modifying the structural elements that form the substratebinding cavity would be sufficient to generate a new GST with altered substrate specificity. The determinants of the substrate selectivity are believed to involve a limited set of amino acid residues in three distinct structural modules: the ␤1-␣1 loop following the first ␤-strand, the C-terminal one-third of the ␣4-helix, and the C terminus (Fig. 1) .
The availability of three-dimensional structures and methods for genetic engineering has made possible rational modifications of functional properties of proteins. The basic assumption is that the amino acid side chains contacting the substrate or other ligands in a binding site determine the affinity of a bound molecule and the chemical transformation that it may undergo. Comparisons of primary structures of homologous proteins also have given valuable clues to the identification of structural determinants of function. For example, the coenzyme preference of pyridine-nucleotide-dependent oxidoreductases has been reversed (18, 19) , the substrate specificity of trypsin has been transformed to mimic that of chymotrypsin (20) , chemical This paper was submitted directly (Track II) to the PNAS office.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.150084897. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.150084897 reactions involving fatty acids (21) and steroids (22) have been changed, and aspartate aminotransferase has been altered into a tyrosine aminotransferase (23) . Following the original work from Bender's (24) and Koshland's (25) laboratories the activesite serine hydroxyl group of subtilisin has been chemically modified to a selenol, which confers peroxidase activity to the hydrolase (26) .
To further explore the rational approach to redesign of the catalytic function of enzymes, an attempt was made to install the high alkenal activity of GST A4-4 into the low-activity enzyme GST A1-1. The amino acid sequences of GST A1-1 and GST A4-4 are 53% identical and their protein folds are essentially the same, but their substrate selectivities are distinctly different (13) . A successful redesign would alter the catalytic selectivity of GST A1-1 from aromatic substitution reactions to Michael additions, characterizing GST A4-4 ( Fig. 2) . Mutations in the three substrate-binding modules of GST A1-1 ( Fig. 3) were introduced cumulatively, and a chimeric protein was constructed in which a C-terminal segment of GST A1-1 had been replaced with that of GST A4-4 ( Table 1) . The ultimate mutant, GIMFhelix, is catalytically more efficient with hexenal and nonenal than the naturally evolved GST A4-4.
Methods

Mutagenesis and Heterologous Protein Expression.
Clones of wildtype human GST A1-1 (27) and GST A4-4 (13) and their heterologous expression in Escherichia coli have been described. Mut1 (Table 1) was constructed with the GST A1-1 clone as template, and the other mutations were added sequentially by use of custom synthesized oligonucleotide primers and PCR with Taq DNA polymerase, or by inverted PCR with Pfu DNA polymerase. The coding sequences were subjected to sequence analysis to verify the mutations and subcloned into the expression vector pET-21a(ϩ) (Novagen) by using NdeI and SalI restriction sites. The GST A1-1 mutants were expressed in E. coli BL-21 and purified by methods previously described (28) . All proteins used were pure as judged from SDS͞PAGE (29) . The following extinction coefficients were used to determine the protein subunit concentrations: GST A1-1, 280 ϭ 24,700 M -1 ⅐cm . All of the extinction coefficients but that for GST A1-1 were calculated as described (31) .
Kinetic Measurements. Kinetic studies were conducted spectrophotometrically in 0.1 M sodium phosphate at pH 6.5 and 30°C (32, 33) . The kinetic constants, k cat , K m , and k cat ͞K m (expressed per subunit) were obtained by nonlinear regression analysis using the following extinction coefficients for 1-chloro-2,4-dinitrobenzene (CDNB), 340 ϭ 9.6 mM -1 ⅐cm (34) . trans- Fig. 1 . The three hydrophobic substrate-binding modules of human GST A1-1 (2) and human GST A4 -4 (17): the ␤1-␣1 loop (residues 9 -16), the C-terminal part of the ␣4 helix (residues 104 -111), and the C terminus of the protein (residues 208 -222, where 210 -220 form the ␣9 helix). GST A4 -4 residues considered important for proper first-sphere interactions with alkenal substrates and installed into corresponding positions in GST A1-1 are boxed. Residue numbers are indicated above the residues at each end. 2-Hexenal and trans-2-nonenal were purchased from Aldrich. 4-Hydroxy-trans-2-hexenal and 4-hydroxy-trans-2-nonenal were kind gifts of Hermann Esterbauer, University of Graz, Graz, Austria.
Determination of Active-Site Tyrosine pKa. The concentration of deprotonated Tyr-9 in the active site was determined as a function of pH by use of difference UV spectroscopy, and the pKa value was estimated by fitting a pH titration curve to the data as described (28, 35) .
Results
Substrates Used for the Characterization of Mutants. CDNB, hexenal, and nonenal were chosen as representative substrates for monitoring the progress in the sequential redesign of GST A1-1. CDNB and nonenal afford high catalytic efficiencies in the glutathione conjugation reactions catalyzed by GST A1-1 and GST A4-4, respectively. Hexenal was chosen as an alternative alkenal substrate with a shorter chain length. Ghelix and GIMFhelix also were compared with GST A4-4 by using the pathophysiologically important lipid peroxidation products (36)
4-hydroxyhexenal (HHE) and 4-hydroxynonenal (HNE).
Kinetic Characterization of Point Mutants. The consecutive point mutants, mut1, mut2, and mut3 (see Table 1 ), all have k cat nonenal values elevated 5-6 times compared with GST A1-1 ( Table 2 ). The K m nonenal values were moderately increased (up to 2-fold), giving catalytic efficiencies (k cat ͞K m ) 3-5 times higher than for GST A1-1. With hexenal k cat ͞K m increases gradually for each added mutation almost in the same manner as with nonenal.
All mutations of GST A1-1 caused a decrease in the k cat ͞K m for CDNB by an order of magnitude ( Table 2 ). The major effect is on K m CDNB , which is increased from the GST A1-1 value of 0.56 mM and approaching the GST A4-4 value of 5.8 mM.
Kinetic Characterization of the Chimeric Proteins. Replacement of the C terminus (residues 208-222) of GST A1-1 with that from GST A4-4 (to give the chimeric mutant Ghelix) was a breakthrough in the sequential redesign, by which the k cat ͞K m values for alkenals rose toward those of GST A4-4 ( Table 2 ). With the additional three mutations Leu-107-Ile, Leu-108-Met, and Val-111-Phe, (providing mutant GIMFhelix) the k cat ͞K m values for hexenal and nonenal finally exceeded the values of GST A4-4, by a factor of approximately 3. In comparison with the original enzyme, GST A1-1, the high catalytic efficiency is primarily caused by an increase in the k cat value, which is raised 200 and 160 times for hexenal and nonenal, respectively. It is noteworthy that the K m hexenal value is almost the same for GIMFhelix as for GST A4-4, whereas K m nonenal for GIMFhelix is 1 order of magnitude lower than the GST A4-4 value.
Catalytic Efficiencies with HHE and HNE. GST A4-4 has a higher catalytic efficiency with 4-hydroxyalkenals than with their nonhydroxylated analogs (Fig. 4) . The difference is most pronounced with HNE, for which the effect is caused by a K m value that is lower than for nonenal by a factor of approximately 5. Neither Ghelix nor GIMFhelix shows any major differences between HNE and nonenal in the measured kinetic parameters (Table 2 and Fig. 4) . Compared with the redesigned GST A1-1 variants, GST A4-4 has a k cat HNE value that is higher by 1 order of magnitude.
Effects of Mutations on the Ionization of the Active
Site Tyr-9. Tyr-9 has been identified as an important active-site residue for the Substrate-saturation curves were measured by using CDNB (0.2-1.8 mM) or alkenals (0.01-0.10 mM) as the varied substrate at constant concentration of glutathione (5 mM and 0.5 mM, respectively). Higher substrate concentrations could not be used for reasons of limited solubility and high absorbance. However, k cat͞Km values could still be determined with adequate precision by fitting v ϭ (kcat͞Km) class Alpha GSTs (2, 37) . It is characterized by a low pKa value of 8.1 Ϯ 0.1 in GST A1-1 (35) . However, the pKa of Tyr-9 in GST A4-4 is even lower 6.7 Ϯ 0.2 (I. Hubatsch and B.M., unpublished work). The pKa value of Ghelix was determined as 8.0 Ϯ 0.2, whereas a significantly lower value of 7.3 Ϯ 0.1 was obtained for GIMFhelix, showing that the redesigned GST A1-1 had gained resemblance to GST A4-4.
Discussion
Rationale for the Mutations. The first attempt to elucidate the structural basis for the high activity of GST A4-4 with alkenals was made (38) by construction of chimeras of rat GST A1-1 and rat GST A4-4 (earlier called GST 1-1 and GST 8-8). It was shown that a glycine residue in position 12 was required to afford high catalytic efficiency with alkenals. However, introduction of this amino acid residue into wild-type rat GST A1-1 did not result in elevated alkenal activity, implying that additional residues are crucial for catalysis of the Michael addition. The crystal structure of human GST A4-4 (17) revealed that Tyr-212, in the C-terminal helix of GST A4-4, might polarize the carbonyl group of the alkenal substrate and thereby facilitate the Michael addition of glutathione. This mechanistic feature was supported by mutagenesis of Tyr-212 (17) . Glycine in position 12 is required for the Tyr to adopt the position that assists catalysis. Any other residue would have a ␤-carbon sterically interfering with Tyr-212 (17) . Thus, the Ala-12-Gly and Ser-212-Tyr mutations were introduced in the redesign of GST A1-1. Proline in position 208 is highly conserved in GSTs with alkenal activity, whereas the corresponding residue in GST A1-1 is methionine. A comparison of the crystal structures of GST A1-1 (2) and GST A4-4 (17) showed that Met-208 also might interfere with the tyrosine introduced in position 212. Thus, residue 208 also was targeted.
The positioning and packing of amino acid residues create very different shapes of the substrate-binding pockets in the two enzymes. Seven residues line the alkenal-binding groove in GST A4-4: Gly-14, Ile-107, Met-108, Phe-111, Tyr-212, Val-216, and Tyr-217. Additionally, Val-213 may be of importance as a second-sphere component, forming a part of the buried hydrophobic core supporting the core structure of the binding site (17) . Of these, four residues are conserved exclusively in GSTs with high alkenal activity: Phe-111, Tyr-212, Val-213, and Val-216. This was the rationale for changing these residues.
Arg-221 and Pro-222 are disordered in the GST A4-4 structure and the location of their side chains could not be determined (17) . However, in the structure of GST A1-1 complexed with S-benzylglutathione the corresponding residues, Arg-221 and Phe-222, are well defined (2) , and the aromatic side chain of Phe-222 is in a position likely to hinder the binding of long chain alkenal substrate. The C-terminal helix (residues 210-220) of GST A4-4 seems to be more stable and have a somewhat different location relative to the active site (17) in comparison to the flexible C terminus of GST A1-1 (2, 39). Only three of 11 residues in the C-terminal helix are conserved between GST A1-1 and GST A4-4 and the sequence difference might account for the distinct properties of the helices. Therefore, the whole C terminus was exchanged, rather than only making substitutions of residues 208, 212, 213, 216, and 222.
Mutant with the Highest Alkenal Activity. GIMFhelix was created by grafting the GST A4-4 residues 12, 107, 108, and 111 and the C-terminal peptide (residues 208-222) into the structure of GST A1-1. The amino acid sequences of GST A1-1 and GST A4-4 are highly divergent and GIMFhelix, like the other mutants, is thus predominantly a GST A1-1 molecule (with 14 aa, i.e., 6%, substituted). Based on the specificity constant, k cat ͞K m , mutant GIMFhelix is 3-fold more efficient than GST A4-4 with the substrates nonenal and hexenal (Table 2 and Fig. 4) . In relation to the parental GST A1-1, mutant GIMFhelix is Ͼ300-fold more efficient with nonenal. The increased catalytic efficiency with alkenals is selective, because the xenobiotic substrate CDNB displayed a Ͼ10 times decreased activity with the mutant in comparison with GST A1-1 ( Table 2 ). The ratio of the activities for the Michael addition and the aromatic substitution consequently increased Ͼ3,000 fold, a significant measure of the altered catalytic profile. The pKa value of the active-site Tyr-9 of mutant GIMFhelix (7.3) is shifted close to that of GST A4-4 (6.7), further indicating that the redesign has been successful.
Activities Measured with the Physiologically Relevant HHE and HNE
Substrates. GIMFhelix and GST A4-4 have essentially the same catalytic efficiency with HHE, although both K m and k cat values are higher for GIMFhelix (Fig. 4) . With HNE GST A4-4 displays a higher catalytic efficiency, because of a higher k cat value. The alkenals used as substrates are all in the trans configuration, but the 4-hydroxyalkenals have a chiral center at C4, which gives a mixture of enantiomers. Modeling suggests that there is room for the hydroxyl group on C4 in both configurations in the binding site of GST A4-4 (17), but in GIMFhelix this might not be the case.
A Successful Rational Redesign. The Ͼ 3,000-fold alteration of the substrate selectivity of GST A1-1, accompanied by a transmutation of the favored catalyzed reaction from aromatic substitution to Michael addition, was achieved by a limited number of rationally chosen active-site mutations. With alkenals GIMFhelix matches the most efficient isoenzyme known, GST A4-4, and with some substrates it exceeds the wild-type activity. The successful redesign of GST A1-1 should not be generalized to suggest that supplementary mutations remote from the active site might not be necessary to reach maximal catalytic potential in other cases. Several studies indicate that rational modifications of first-sphere interactions in substrate-binding sites are insufficient (20, 40, 41) , and a current approach to optimization involves addition of mutations by sequence recombinations and random mutagenesis (1, (42) (43) (44) (45) . However, in the present GST A1-1 mutant, GIMFhelix, much future improvement of the alkenal activity cannot be expected, because the activity is already approaching the highest values known with any GST substrate (6, 7). In conclusion, this investigation shows that a rational redesign of structural modules forming the substrate-binding site of an enzyme may indeed be sufficient to obtain the desired catalytic activity.
